The herpes simplex virus type 1 thymidine kinase gene TK complements the defect in five temperaturesensitive mutants and in vitro constructed insertion and deletion mutants of the CDC8 gene of Saccharomyces cerevisiae. The herpes thymidine kinase enzyme acts as both a thymidine kinase and a thymidylate kinase (dTMP kinase). The latter activity is responsible for the cdc8 complementation since all thermosensitive cdc8 mutants are deficient in dTMP kinase activity at all temperatures. However, an intragenic revertant, cdc8-320, which was selected by demanding mitotic growth at the restrictive temperature, exhibits thermolabile dTMP kinase activity. We conclude that CDC8 is the structural gene for dTMP kinase, which catalyzes an essential step in DNA precursor biosynthesis. Previously, it had been shown that the DNA replication defect of cdc8 mutants could not be bypassed by the addition of deoxyribonucleoside triphosphates to permeabilized cells. This apparent discrepancy can be explained by hypothesizing a multiprotein yeast DNA replication complex containing the CDC8 protein.
The product of the CDC8 gene of Saccharomyces cerevisiae acts during the S phase of the yeast cell cycle (1, 2) . Temperature-sensitive cdc8 mutants are defective in chromosomal, mitochondrial and 2-,um plasmid DNA replication (1) (2) (3) (4) (5) at the restrictive temperature. Most alleles of cdc8 also have a mutant phenotype at the permissive temperature; they exhibit an increase in spontaneous mitochondrial DNA mutability (6) and a decrease in ultraviolet light-induced mutagenesis (7) . These properties of cdc8 mutants are consistent with a defect either in an essential replication protein, such as a DNA polymerase, or in a DNA precursor pathway. The latter possibility, however, appeared to be eliminated because thermolabile replication could not be bypassed in either permeabilized cells (8, 9) or a cell-free system (9) (10) (11) by providing the four deoxyribonucleoside triphosphates. In this communication, we provide evidence that CDC8 is, in fact, the structural gene for an enzyme of DNA precursor biosynthesis, thymidylate kinase (dTMP kinase).
In vitro complementation assays have been used previously to isolate proteins that were thought to be the CDC8+ gene product (8, 11) . One of these proteins is a 40-kilodalton DNA binding protein (11) . The other is a 10-to 20-kilodalton protein (8) . However, the sequence of the cloned CDC8+ gene encodes a 27-kilodalton protein (12, 13) .
MATERIALS AND METHODS
Bacterial Strains and Media. Escherichia coli strain JF1754
(hsdR metB leuB hisB lac gal) (14) was used for propagation of recombinant plasmids. Strains were grown in L broth with ampicillin (50 jig/ml) or tetracycline (10 ,.Lg/ml) and plasmids were isolated as described (15) . M9 minimal media (16) was used for His' selection. Transformation was performed as described (17) .
Yeast Strains and Media. All yeast strains employed are S. cerevisiae and are listed in Table 1 . All are nearly congenic with strain A364a (18) in that each was backcrossed more than eight times to A364a. Standard genetic methods were as described (19) . Transformations were performed on whole cells (20) or spheroplasts (21) . Yeast YEPD, YEPG, YM-1, and dropout media have been described (18, 22) . Herpes TK+ activity in yeast was tested on inhibitor plates (14) .
Herpes TK-ASphI Construction. The 7.6-kilobase (kb)
EcoRI fragment containing the HIS3' TK+ genes in plasmid pJM81 (14) quent operations were performed in the cold (0-4°C). Sterile glass beads (0.45-0.50 mm in diameter) were added (1 g), and the mixture was spun in a vortex until >50% of cells were broken (-1-2 min total time). After a low-speed centrifugation to remove unbroken cells and glass beads, the supernatant was clarified by two sequential high-speed centrifugations (17 ,000 x g, 15 min). The extracts could be frozen at -70°C for several months without significant loss of dTMP kinase activity. A typical extract contained 50 mg of protein per ml. Protein concentration was determined by the Bio-Rad protein assay using crystalline egg-white lysozyme as standard.
Thymidylate Kinase Assay. The thymidylate kinase assay solution contained 50 mM Tris HCl (pH 8.0), 10 mM MgCl2, bovine serum albumin at 0.25 mg/ml, 5 Reactions rates increased approximately linearly with increasing protein extract additions. The products formed (dTDP and dTTP) were separated by thin-layer chromatography on PEI-cellulose plates with 0.5 M LiCl/2 M acetic acid as solvent and quantitated by scintillation spectroscopy (29) . A unit of thymidylate kinase activity is defined as the conversion of 1.0 pmol of dTMP to dTDP + dTTP per min.
RESULTS
Suppression of the cdc8 Defect by Herpes TK+. During the construction of yeast strains harboring a hybrid plasmid, pJM81, which expresses the herpes TK+ gene (deoxythymidine kinase, dT kinase) (14), we discovered that the plasmid completely suppresses the thermosensitivity of growth of cdc8 mutants. The effect is not allele-specific since the effect of five different cdc8 mutant alleles is completely suppressed ( Table 2 , columns 1 and 2).
To determine if it is the herpes TK+ gene and not another plasmid sequence that complements the cdc8 mutants, the TK gene was inactivated. The Sph I site at position 385 base pairs in the TK+ coding sequence (25) was cleaved, and the linearized plasmid was treated with nuclease S1 and then ligated. The 3.8-kb Pvu II fragment containing the ASphI TK allele (HIS3+ TK-) or the wild-type untreated DNA (HIS3+ TK+) was subcloned into plasmid pRC4 (Fig. 1) . Five trpl cdc8 strains were transformed with the vector pRC4, the pRC4-TK+, or the pRC4-TK-plasmids and Trp+ transformants were tested for thermosensitive growth on plates. All Trp+ transformants containing the TK+ plasmid were thermoresistant, whereas those containing the TK-plasmid or the pRC4 vector remained thermosensitive ( Table 2 , columns [3] [4] [5] . The TK+ plasmid also suppresses the mitochondrial instability of cdc8 mutants (Table 2 , columns 4 and 5). We conclude that the herpes TK+ gene acts in trans to complement the phenotypic defects of cdc8 temperature-sensitive mutants. TK+  pRC4  TK+  TKplasmid  pJM81  vector  pRC4  pRC4  Mutant (
CDC+ + + + + (<0.7) + (<0.7) Single colonies of transformants harboring no plasmid, pJM81, pRC4 vector only, pRC4 TK+, or pRC4 TK-(ASphI) plasmids (columns 1-5, respectively) were replica-plated or streaked onto YEPD plates and incubated at 36°C; + = growth, -= no growth. One hundred transformants of each strain were tested. Two transformants of each strain tested were resuspended, diluted, and plated on YEPD plates to yield about 150 colonies. By replica-plating to YEPG plates at 230C, the percentage of respiratory defective cells was determined and is indicated in parenthesis.
Herpes TK+ Suppresses a cdc8 NuB Mutant. It seemed likely that the herpes TK+ gene product specifically substitutes for the CDC8+ gene product because the suppression of cdc8 mutants is not allele-specific (Table 2 ). However, all of the mutants are temperature-sensitive and it was possible that all of the mutant cdc8 proteins were stabilized in a nonspecific way by the presence of the herpes thymidine kinase protein in the cell. Therefore, we determined whether herpes TK+ can suppress a cdc8 null mutant by constructing a cdc8 insertion mutation using the one-step gene disruption method (30).
The 2.2-kb yeast LEU2+ Sal I-Xho I DNA fragment (31) was ligated into the Sal I site of the CDC8+ gene on plasmid pSU4 (12, 13, 32) . The resulting plasmid (pRS267; Fig. 2) was digested with Bgl II and HindIII restriction endonucleases. The digestion yielded a 6-kb fragment of yeast DNA containing the CDC8 gene with a LEU2+ insertion (cdc8::LEU2+) and a 4.8-kb fragment consisting of 4.3 kb of pBR322 and 0.5 kb of yeast DNA (Fig. 2) . The digested DNA was used to transform a cdc8-1 leu2 trpl (pRC4-TK+ TRPI+) strain to Leu+. Since only the 6-kb fragment has both ends derived from chromosome X, this fragment will replace the chromosomal sequences when recombination is stimulated by the free ends (30 (Table 3 , groups h and i, columns 1 and 3). We conclude that cdc8 cells are defective in dTMP kinase activity and that this defect is responsible for the temperature-sensitive growth and DNA replication. dTMP kinase activity is not detectable in extracts of cdc8 cells assayed in vitro at any temperature. Similar observations have been made with cdc9 mutants, which are defective in DNA ligase (35) , and for most alleles of cdc2i (synonym: tmpl), which code for thymidylate synthetase (36) .
Because thermolabile dTMP kinase activity could not be demonstrated for any of the cdc8 alleles, we could not conclude that the CDC8 is the structural gene for dTMP kinase.
To demonstrate that CDC8 is the structural gene for dTMP kinase, we isolated spontaneous thermoresistant (Tsm+) revertants of a cdc8-2 strain (strain 201) at 37°C. One such revertant was then shown to be an intragenic revertant by the following tetrad analysis and was given the allele designation cdc8-320. When strain 320 is mated with a cdc8-2 strain (strain 223), the resulting diploid is thermoresistant-that is, the cdc8-320 allele is dominant to cdc8-2. When these cdc8-2/cdc8-320 diploids were sporulated, thermoresistance segregated 2:2 in 29 out of 29 tetrads. Therefore, the thermoresistance is the result of a single mutation. When CDC8+/ cdc8-320 diploids, produced by mating strain 320 to strain 131, were sporulated, thermoresistance segregated 4:0 in 21 out of 21 tetrads. Therefore, cdc8-320 represents either a reversion at the CDC8 locus or a mutation at a closely linked suppressor locus (19) .
Unlike the parent cdc8-2, cdc8-320 extracts exhibited in vitro dTMP kinase activity at 15°C and 23°C, which was 29% and 24% of CDC' extracts, respectively (Table 3 , groups a, c, j, and k). In contrast to CDC+ extracts, the dTMP kinase activity present in cdc8-320 extracts was thermolabile. The relative activity decreased at 37TC (4% of CDC') and was inactivated >130-fold by preincubation at 37TC or 42TC (Table 3, groups a, j, and k). Apparently, the cdc8-320 strain has sufficient dTMP kinase in vivo to allow growth at the restrictive temperature (37TC). Since a genetic change at the CDC8 locus (cdc8-320) results in an altered property of the enzyme dTMP kinase, CDC8 must be the structural gene for the enzyme dTMP kinase.
Although the cdc8-320 allele allows mitotic growth at most temperatures (23-37TC), cdc8-320/cdc8-2 diploids sporulate poorly (5% asci) at 30TC as compared to 23TC (40%o asci). Since CDC8+/cdc8-320 or CDC8+/cdc8-2 diploids sporulate well (40% asci) but cdc8-2/cdc8-2 diploids sporulate poorly (1% asci) at either temperature, the cdc8-320 allele exhibits a temperature-sensitive meiosis phenotype. Such differences between the mitotic and meiotic cells at restrictive temperatures have been observed previously with cdc8 mutants (37, 38) .
DISCUSSION
The results presented here indicate that the CDC8+ gene is the structural gene for the enzyme dTMP kinase of S. cerevisiae and, therefore, that cdc8 mutants are defective in DNA replication because they are unable to synthesize a necessary precursor, dTTP.
The defect in dTTP biosynthesis in cdc8 mutants results in an elevated frequency of mitotic segregation of respiratory petites (6) . This phenotype can now be seen as consistent with a similar effect of mutations in CDC21 (6) , the gene for thymidylate synthetase (36) , and of dTMP starvation in tmp tup mutants of yeast, which are auxotrophic for dTMP (39) . However, a defect in dTTP biosynthesis does not readily explain results obtained from in vitro DNA replication experiments using either permeabilized cells (8, 9) or cell-free systems (9) (10) (11) in which the provision of dTTP did not alleviate the replication defect. One possibility is that dTTP is degraded quantitatively to dTMP in vitro, and dTMP kinase is required for replication because it must regenerate dTTP. Two facts are difficult to reconcile with this hypothesis. First, DNA synthesis in wild-type permeabilized cells is inefficient when dTMP is substituted for dTTP (8) . Second, extracts from cdc8 mutants exhibit little, if any, dTMP kinase activity at 23°C (Table 3 ), yet DNA synthesis occurs at near-normal rates at this temperature in both extracts (10, 11) and permeabilized cells (8, 9) . The weight of these latter observations must be tempered by the knowledge that different experimental protocols were used in preparing the extracts.
A second possible explanation for the properties of cdc8 extracts is that the CDC8 protein is part of a multienzyme complex, the integrity of which is important for DNA replication as well as for nucleotide precursor synthesis. Evidence for complexes containing precursor biosynthetic enzymes and DNA replication proteins has been obtained with coliphage T4 (40, 41) and with animal cells (42, 43) . For example, amber mutants in either gene 42 (dCMP hydroxymethylase) or gene 1 (dNMP kinase) of T4 are unable to make DNA in infected permeabilized cells even if all required deoxynucleoside triphosphates are provided (44, 45) . A decrease in induced mutagenesis in cdc8 mutants (7) can also be related to observations in the T4 system. Some T4 gene 42 (dCMP hydroxymethylase) mutants display antimutator or mutator phenotypes (46) . It has been suggested that this property is the result of altered interactions within a complex of DNA precursor biosynthetic enzymes and DNA replication proteins that affects the fidelity of replication (45) . A major difficulty in postulating a yeast multienzyme precursor complex is the complete in vivo complementation of the cdc8 defect by the herpes thymidine kinase enzyme. The evolutionary distant herpes thymidine kinase enzyme would have to enter and replace the CDC8 protein in such a complex. Evidence for a multiprotein complex involved in yeast DNA replication has been presented (47 
